Objective: The purpose of the present study was to test the hypothesis that cochlear implant (CI) users ' music perception is correlated with their lexical tone perception, and the two types of perception share similar mechanisms in electric hearing. Design: A lexical tone perception test and a pitch interval discrimination test were administered to a group of CI users and a group of normal-hearing (NH) listeners. Sample study: Nineteen adult CI users and 10 NH listeners who are native-Mandarin-Chinese speakers participated in the study. Result: Tone-perception performance of the CI group was, on average, 58.3% correct ( Ϯ 19.78% correct), and performance of the NH group was near perfect. The CI group had a mean threshold of 5.66 semitones ( Ϯ 5.57 semitones) in pitch discrimination as compared to the threshold of 0.44 semitone from the NH group. There was a strong correlation between the CI users ' tone-perception performance and their pitch discrimination threshold ( r ϭ Ϫ 0.75, p Ͻ 0.001). Conclution: Musical and lexical pitch perceptions are strongly correlated with each other and they might share similar mechanisms in electric hearing.
Cochlear implants (CIs) have provided satisfactory speech perception in quiet listening conditions for the recipients. Typically, the speech processor of a cochlear implant divides the speech signal into a number of frequency bands. The temporal envelope of each frequency band is extracted and used to modulate an electrical pulse train that is delivered to the electrode corresponding to that frequency band. The temporal envelopes from a few relatively broad frequency bands have proven to be suffi cient for English phoneme recognition (e.g. Fishman et al, 1997; Friesen et al, 2001; Xu et al, 2005) . One of the greatest challenges that implant users face today is the diffi culty with pitch perception that arises from the inherent poor frequency resolution of the devices. Typical CI systems use only 12 to 22 spectral channels to transmit a wide range of frequencies. Due to channel interactions, the actual number of independent channels is much fewer. The fundamental frequency (F0) and harmonics are unlikely to be resolved with such poor frequency selectivity. Temporal pitch extraction is also limited by the 300 Hz cut-off in the low pass characteristic of the amplitude modulation transfer function (Eddington et al, 1978; McKay et al, 1994; Shannon, 1983; Tong & Clark, 1985; Townshend et al, 1987; Zeng, 2002) . Other factors such as electrode position and neural survival of the spiral ganglion cells can also affect the accuracy of temporal pitch extraction (see Moore 2003 , for a review).
Poor pitch discrimination can result in poor music perception, tonal language perception, and speech perception in noise. Music perception has been measured in postlingually-deafened implant users with their clinical processors. Many of CI users reported that their enjoyment of listening to music declines substantially after implantation (Lassaletta et al, 2007) . They consistently score signifi cantly lower than normal-hearing (NH) listeners in identifying familiar songs (e.g. Fujita & Ito, 1999; Gfeller et al, 2002 Gfeller et al, , 2006 Gfeller et al, , 2007 Leal et al, 2003; Looi et al, 2008) . However, the familiar melody recognition test is often confounded by the level of familiarity of the melody and provides limited information about the underlying mechanisms of why
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Wuqing Wang * , Ning Zhou †, ‡ & Li Xu ‡ the CI users perform poorly. A handful of studies specifi cally examined pitch perception ability in CI users since this may be directly linked to their ability to perceive music. One study has indicated a moderate correlation (i.e. r ϭ 0.57) between pitch discrimination and familiar melody recognition (Kang et al, 2009) .
One of the commonly used methods for measuring musical pitch perception is pitch ranking. Thresholds were obtained in some studies using an adaptive procedure (Gfeller et al, 2002; Nimmons et al, 2008; Kang et al, 2009) , and in others, interval sizes of the two notes in comparison were varied and percent correct scores of identifi cation were reported (e.g. Fujita & Ito, 1999; Looi et al, 2008) . Fujita and Ito (1999) reported that the pitch ranking thresholds measured from eight CI users fell in a wide range of 4 semitones to 2 octaves where the threshold was defi ned as 80% correct. Looi et al (2008) reported that the CI participants were unable to rank pitches that were a quarter-octave (i.e. 3 semitones) apart. They were only able to correctly rank pitches that were half an octave and one octave apart 64% and 68% of the time, respectively. Similar results of CI users ' performance in pitch ranking were reported by Sucher and McDermott (2007) . Other studies used adaptive procedures and reported pitch discrimination thresholds that were in the range of 1 to 12 semitones (Gfeller et al, 2002; Nimmons et al, 2008; Kang et al, 2009 ).
Other pitch-related aspects of music perception such as contour identifi cation, interval discrimination, and scale discrimination were also examined in CI users (e.g. Galvin et al, 2007; Cooper et al, 2008) . Galvin et al, (2007) tested CI users ' ability to identify pitch contours from nine different fi ve-note melodic patterns. The performance of the CI users was found to be highly variable, ranging from 14% to 91% correct. Not surprisingly, most of the participants performed better in conditions where the interval sizes of the contours were increased. Cooper et al, (2008) used the Montreal battery for evaluation of amusia (MBEA) as a diagnostic tool in an attempt to pinpoint specifi c defi cits in the pitch-based aspects of music perception in CI users. The interval test in the MBEA involves comparing two melodies (7 to 21 notes in length) where one note in the comparison melody is changed in F0 half of the time. The listener is required to determine whether the two melodies are the same or different. Differing from the traditional pitch perception tests, the interval test in the MBEA measures pitch perception in a melodic context, a task based on the cognitive theories of music perception. It poses a task more similar to the CI users ' real life situation in terms of music appreciation. The task also does not require the listeners ' memory of a familiar melody. Results showed that the performance of all their 12 CI users was close to chance and that the CI users were severely impaired in detecting changes in interval size made either in or out of key. However, in measuring performance, MBEA only provides a global percent-correct score, and does not report the magnitude of pitch change. Therefore, it is not possible to measure a threshold. Swanson et al (2009) used an adaptive procedure where one note of the melody was always changed in one of the two time intervals. The listeners were asked to identify which melody was correct. Although the test does measure a threshold, the result of the test is again confounded by the listener ' s knowledge of the melody.
Similar to music perception, the primary acoustic cue for lexical tone perception is also the pitch contours. The four tones of Mandarin Chinese, for example, use four distinctive pitch patterns, including (1) fl at, (2) rising, (3) dipping, and (4) falling, to convey lexical meanings (see Xu et al, 2002) . Another tonal language, Cantonese, has six contrastive tones (see Ciocca et al, 2002) . Thus, accurate perception of lexical tones is important for understanding tonal languages. Tone perception has remained to be a challenge for CI users who speak tonal languages. Wong and Wong (2004) found that Cantonese speaking children with CIs performed slightly above chance level in tone discrimination and identifi cation tasks. Ciocca et al (2002) confi rmed that the Cantonese-speaking children with CIs could identify only three out of eight tonal contrasts at above chancelevel accuracy. Large individual variability in tone perception performance was seen in our recent study (Xu et al, 2009 ) in which a tone contrast test was administered to a group of 109 Mandarin-speaking children with CIs. The performance fell in a wide range from chance to 100% correct with a group mean of 67% correct.
Correlation between lexical or musical tone perception and psychophysical measures or the demographic variables has been examined in separate studies. It has been shown that melody recognition is correlated with both spectral-ripple discrimination and Schroeder-phase discrimination (Won et al, 2007; Drennan et al, 2008) . Spectral ripple discrimination measures the ability of implant users to resolve the acoustic spectrum, whereas Schroeder-phase discrimination measures one ' s ability to detect changes in temporal fi ne structure. A few studies reported the relationship between lexical tone perception and temporal processing abilities in CI users such as rate discrimination, gap detection, frequency discrimination, and modulation detection (e.g. Luo et al, 2008; Wei et al, 2004 Wei et al, , 2007 . Others related tone perception ability to the implanted child ' s age at implantation and device experience. For example, Lee et al (2002) reported that tone perception performance was related to the duration of CI use and age at implantation. Han et al (2009) found a consistent relationship between tone perception performance and age at implantation in a longitudinal study. Xu et al (2009) measured a much larger sample size and confi rmed that age at implantation and duration of device use were the most important predictors for tone perception performance in children with CIs.
Although lexical tone and musical tone perception have been related to other measures summarized above, there are no data that support the notion that in electric hearing, the linguistic processing of pitch shares similar mechanisms with the musical processing of pitch. Intuitively, they both involve the perception of pitch and these two aspects of perception should therefore be correlated. However, there is no clinical data that substantiates such a relationship. Thus, the fi rst goal of the present study was to determine whether musical pitch perception predicts the ability to perceive lexical tone, or vice versa, in Mandarin-speaking CI users. Secondly, the pitch related music and tone perception abilities of Mandarinspeaking CI users was compared with those in NH listeners. Thirdly, contributing factors towards performance variability in the CI users were identifi ed. China. Five of them were prelingually-deafened. They were identifi ed with profound hearing loss at 5 years or younger. The remaining 14 implant users were postlingually-deafened. There were 7 females and 12 males aged between 14.9 and 57.1 years old (mean Ϯ SD: 27.4 Ϯ 13.0 years). Nine of the 19 users had used hearing aids for more than one year prior to cochlear implantation. None of the nineteen users wore hearing aids on the contralateral side of the implant post-surgery. The remaining 10 participants either had no hearing-aid experience or had used hearing aids for one year or less. The detailed demographic information of the CI participants is listed in Table 1 . Ten NH native speakers of Mandarin Chinese (fi ve females and fi ve males, age 25.80 Ϯ 4.89 years) were recruited from the Ohio University ' s faculty and student population. The ten participants were screened to have pure-tone thresholds Յ 20 dB HL at octave frequencies between 250 -8000 Hz bilaterally. None of the NH or the CI participants had formal music training.
Methods
Participants
The use of human participants was reviewed and approved by the Ohio University Institutional Review Board.
Pitch interval discrimination test
In the present study, a pitch interval discrimination test was developed to include the advantages of both the MBEA and the classic adaptive pitch discrimination procedure, as reviewed in the Introduction. Pitch discrimination was measured in a melodic context in an adaptive procedure using a same/different interval discrimination task. Participants used only their CI with their everyday speech processing strategy for the test; none of them wore a contralateral hearing aid during the test. A single-interval adjustment-matrix (SIAM) procedure (Kaenbach 1990 ) was adopted in the pitch interval discrimination test. The procedure used a same-different/yes-no task, which consisted of a random presentation of either signal or noise. In the noise presentation, the same original melody was presented twice and the subject ' s task was to determine whether they were the same or different. Responses could be false alarm (i.e. different) or correct rejection (i.e. same). In the signal presentation, one interval contained the original version of a melody, and the other interval contained a modifi ed form of the melody. In the modifi ed form, one note, and always that note, was arbitrarily chosen from the melody to be adaptively changed in F0. The order of the original melody and the modifi ed melody was randomized. The subject ' s task was to again determine whether the two intervals were the same or different. Responses could be hit (i.e. different) or miss (i.e. same).
The arbitrarily chosen note in the melody was changed by a Δ F0. The Δ F0 started from 24 semitones (i.e. 2 octaves) for the CI group and 6 semitones (i.e. half an octave) for the NH group. This difference was presumably suffi ciently large for both groups to ensure easy discrimination at the beginning of the test. The Δ F0 was adaptively changed based on a payoff matrix: Δ F0 ϭ Δ F0 ϫ 0.75 N , where N is 1, Ϫ 1, Ϫ 2, and 0 if the subject ' s response was hit, miss, false alarm, and correct rejection, respectively. The payoff matrix estimated a 50% point on the psychometric function. The test was completed when 10 reversals occurred. The threshold was taken from the mean of the last six reversals. Note that the Δ F0 adapted in such a manner that it created un-true piano notes (i.e. F0 that lies between two adjacent notes), or violated the scale of the melody (i.e. out of the key). It was evident from the study by Cooper et al. (2008) , however, that F0 changes that resulted in the violation of melody contour or scale did not have a differential effect on CI users ' performance. Therefore, the step size used in the present test allowed adaptation following an exponential function for a more accurate measurement of threshold.
Pitch interval discrimination was measured in two trials using two different melodies. The fi nal threshold was taken as the mean of the two. The two melodies used were ' Twinkle Twinkle Little Star ' and ' Happy Birthday ' . Both melodies are familiar to most native Mandarin-Chinese speakers. A short portion of the melody that forms a complete musical phrase was taken for the test (Twinkle Twinkle Little Star: C3 C3 G3 G3 A3 A3 G3; F0s: 131, 131, 196, 196, 220, 220, and 196 Hz; Happy Birthday: C5 C5 D5 C5 F5 E5; F0s: 524, 524, 588, 524, 699, and 660 Hz). The fi fth note of the fi rst melody and the sixth note of the second melody were arbitrarily chosen as the reference notes. The comparison note in the fi rst melody was increased by Δ F0 whereas the comparison note in the second melody was decreased by Δ F0. The two melodies were digitally synthesized using complex tones that mimic the timbre of a piano. The complex tones consisted of a F0 and the fi rst three harmonics. The relative amplitudes of the four components were 1: 0.7: 0.3: 0.1. The temporal envelope of the signals was controlled to decay in 50 ms in a manner that resembles a piano tone. Therefore, the signals were processed to have identical temporal and spectral envelopes (see Nimmons et al, 2008 for details). They were all quarter-notes, each measured 300 ms long.
The discrimination test was conducted for the NH participants in a sound-treated booth. The test was administered via a graphical user interface realized in MATLAB (MathWorks, Natick, USA). The participants responded by clicking the ' same ' or ' different ' button on a computer screen. The CI participants were given the test in a quiet room with an ambient noise of ∼ 40 dB SPL. The stimuli were presented at the most comfortable level to the CI participants through a loudspeaker. The CI participants were told that they would hear two melodies. Their task was to discriminate whether the two melodies were the same in pitch or not. The CI participants responded by clicking the buttons on the computer screen labeled with the Chinese words of ' same ' and ' different ' .
Lexical tone test
The Mandarin-Chinese tone recognition test used 10 monosyllabic syllables (i.e. ' ma ' , ' ji ' , ' wan ' , ' yi ' , ' fu ' , ' xian ' , ' qi ' , ' yan ' , ' yang ' , and ' xi ' ) spoken in each of the four tones by a female and a male speaker. The F0 range of the tones produced was between 150 -350 Hz by the female talker, and 80 -250 Hz by the male talker. When recording the stimulus tokens, the speakers produced each tone token multiple times. Only the four tones of each syllable that were equal in duration were chosen as stimuli in order to eliminate duration cues for tone recognition (see Xu et al, 2002; and Zhou & Xu, 2008b) . A total of 160 tone tokens (4 tones ϫ 10 syllables ϫ 2 speakers ϫ 2 repetitions) were randomly presented to the participants at ∼ 65 dB SPL. A four-alternative forced choice paradigm was used. The test was administered and the responses were collected in a similar fashion as described in the discrimination test in the previous section.
Results
The interval discrimination thresholds obtained from the NH and the CI groups are shown in Figure 1 . Three of the 19 CI participants (S17, S18, and 19) were unable to complete the interval discrimination test because they could not perform the task even when the Δ F0 was 2 octaves. The discrimination thresholds of the 16 CI participants were highly variable ranging from 0.8 to 19.6 semitones (mean Ϯ SD: 6.84 Ϯ 6.12 semitones) for the fi rst melody, and from 0.2 to 19.6 semitones (mean Ϯ SD: 4.48 Ϯ 5.73 semitones) for the second melody. Performance for the two melodies did not differ [t (30) ϭ 1.12, p ϭ 0.27], but were signifi cantly correlated [r ϭ 0.76, p ϭ 0.0007]. The averaged thresholds across the two melodies were 5.66 semitones ( Ϯ 5.57) as presented in Figure 1 . Little variability was seen in the performance of the NH group. Their averaged thresholds were all less than one semitone, ranging from 0.24 to 0.91 semitone (mean Ϯ SD: 0.44 Ϯ 0.20 semitones). The averaged thresholds of the CI and the NH groups were signifi cantly different [t (24) ϭ 2.94, p ϭ 0.007]. The CI participants ' ability to discriminate music intervals did not seem to be associated with age, onset of deafness, experience with hearing aid, duration of CI use, or duration of deafness as indicated by test of Pearson ' s R (all p Ͼ 0.05). There is literature indicating that pitch discrimination skill in children might not fully mature until age of eight years (Duell & Anderson 1967; Stalinski et al, 2008; Thompson et al, 1999) , we compared the interval discrimination thresholds in the CI participants who were hearing impaired before and after the age of eight years. Our results did not reveal any signifi cant differences [t (14) ϭ 1.29, p ϭ 0.22].
All 19 CI participants completed the Mandarin-Chinese tone perception test. A wide range of scores were obtained ranging from 12.5 -86.8% correct (mean Ϯ SD: 58.3% Ϯ 19.78% correct). The NH group scored nearly perfectly on this test (mean Ϯ SD: 97.3% Ϯ 1.32% correct), which was signifi cantly better than the CI group [t (27) ϭ 6.17, p Ͻ 0.0001] (see Figure 2) . The CI participants who had hearing-aid experience of more than one year before implantation (Figure 2 , solid circles, n ϭ 9) performed signifi cantly better in the tone perception test than those who had not (Figure 2 , open circles, n ϭ 10) (Wilcoxon rank sum test, p ϭ 0.0456). No statistical difference was found between the fi ve prelingually-deafened participants (60.4% correct) and the 14 postlingually-deafened participants (57.6% correct) (Wilcoxon rank sum test, p Ͼ 0.05). No difference in tone perception performance was found between the CI participants who were hearing-impaired before and after eight years of age [t (17) ϭ Ϫ 0.89, p ϭ 0.38].
The confusion matrices of the responses by the NH and CI groups are shown in Figure 3 . Tone 2 (rising tone) was signifi cantly more poorly recognized than tone 3 and tone 4 in the CI participants (p Ͻ 0.0083, Bonferroni corrected). No difference in performance was found in the NH group for any tone pairs (p Ͼ 0.0083). Figure 3. Confusion matrices of tone perception by the NH and the CI groups. The value in the cell of row j and column k is the percent of times stimulus tone j was recognized as tone k (j ϭ 1, 2, 3 or 4; k ϭ 1, 2, 3 or 4). The gray scale in each cell refl ects the value in it with reference to the color bar on the right. A correlational analysis was also performed for the 16 CI participants who completed both the pitch interval discrimination test and the tone perception test. Since melody one tested the frequency within the voice pitch range and the other one tested higher frequency region, thresholds measured from the two melodies were correlated separately with the tone perception performance. A highly signifi cant negative correlation was shown between both pitch interval discrimination thresholds and the tone perception performance in the CI participants (melody one: r ϭ Ϫ 0.67, p Ͻ 0.001; melody two: r ϭ Ϫ 0.73, p Ͻ 0.001). The averaged pitch discrimination thresholds were signifi cantly correlated with tone perception performance as well (r ϭ Ϫ 0.75, p Ͻ 0.001) (Figure 5 ). 
Discussion
Pitch interval discrimination
The ten NH participants all had pitch interval discrimination thresholds less than one semitone. The NH group also showed little variability in performance as compared to the CI group. The small variability indicated that the test was reliable in measuring pitch interval discrimination. Three of the CI participants were not able to complete the pitch interval discrimination test (Figure 1) . They reported that all of the notes sounded like monotonic beats. Discrimination thresholds obtained from the 16 CI participants who completed the task showed large individual variability. Two of the CI participants had thresholds in the range of NH listeners. Direct comparison of the absolute threshold values with some other studies may not be informative, since very different methods were used. Previous studies that used adaptive procedures (e.g. Gfeller et al, 2002; Nimmons et al, 2008; Kang et al, 2009 ) set the smallest test interval to be one semitone, because it is the smallest interval size on the piano and in the scales for Western music. Gfeller et al, (2002) reported that 16% of their CI participants (eight out of 49) scored in the range of 1 -2 semitones. Nimmons et al, (2008) also reported that although the smallest tested interval was 1 semitone, the true difference limens of some CI users were less than 1 semitone as suggested by their psychometric curves. Those results and the fi ndings of the present study seem to suggest that pitch discrimination ability in a small portion of CI users is comparable to that of the NH listeners. Findings from the pitch ranking studies, however, generally indicate that, on average, the CI users could not rank pitches that are one semitone apart (e.g. Looi et al, 2008; Sucher & McDermott 2007) . It was expected though that the same/different paradigm used in the present study would result in relatively lower threshold as CI users were not asked how the two melodies were different. Our method could not detect pitch reversals (i.e. consistently ranking the higher F0 signal as lower in pitch, and vice versa) that sometimes occur in CI users (e.g. Collins et al, 1997) .
In the present study, the pitch discrimination thresholds were tested using two melodies. Firstly, the two reference notes were chosen from different positions in the two melody phrases. One was in the middle of a 7-note sequence, while the other was the very end of a 6-note sequence. One might reason that the users had more contextual cues to detect a pitch change in the middle of a melody sequence than if the note changed was at the end of the sequence. However, the thresholds for the two melodies did not seem to differ, the position of the modifi ed notes may not have affected the performance. Secondly, the two melodies were in two different frequency ranges, one within the voice pitch range, and the other higher. Participants could have showed different frequency discrimination thresholds at different frequency regions, since different mechanisms of pitch perception might have been used by the implant users, which will be elaborated further in the following section.
The ability assessed by the test used in the present study was discrimination. That is, the participants were only required to determine whether the two melodies were the same or different. The ability to discriminate two notes does not imply that the notes differ only in one predetermined characteristic, such as pitch. In other words, the participants may use any perceptible differences between the melodies to perform the task although the music stimuli were controlled to have the identical timbre and loudness. In addition, the participants were instructed to ignore any perceived differences in loudness or other characteristics of the melodies, and just focus on whether the two melodies contrasted in pitch. It should be noted that it could still be challenging for some of the participants who might not understand the concept of pitch. While the psychophysical procedure (i.e. the SIAM paradigm) used in the present study provided an unbiased procedure that controlled for the knowledge or familiarity with the melodies tested, we should acknowledge the potential caveats of such a procedure in measuring pitch perception ability.
Previous studies suggested that familiar melody recognition was weakly associated with CI users ' chronological age and length of deafness (Gfeller et al, 2002) . Pitch ranking has been associated with age, length of deafness (Gfeller et al, 2007) , and duration of implant use (Leal et al, 2003; Gfeller et al, 2007) . It is interesting to note that although many of these factors were found to contribute to lexical tone perception in this study (see below), none of these relationships were observed for the pitch interval discrimination task.
Mandarin-Chinese tone perception
The lexical tone perception performance amongst the CI participants was highly variable as well. None of the CI participants achieved recognition scores close to the performance of the NH participants (Figure 2) . Tone 2 was the most poorly recognized tone by the CI participants, who seemed to have diffi culties perceiving the rising contour, and often confused it with a fl at one. Literature has suggested that children with CIs have particular diffi culties producing the rising tone (e.g. Han et al, 2007; Zhou & Xu, 2008a) . It was not clear whether the poor production was a result of the poor perception of the contour, or if production of a rising pitch is diffi cult in nature. Wei et al (2007) found that postlingually-deafened implant users generally performed better than the prelingually-deafened users in tone perception. However, we did not see signifi cant differences between the two types of CI participants in the present study. Our participants performed at a level comparable to that of the prelingually-deafened Mandarin-speaking children reported in the previous studies (e.g. Peng et al, 2004; Xu et al, 2009) .
Previous studies have shown that children with CIs seemed to be able to acquire tone better if they received implants at an early age or have had more experience with the device (e.g. Han et al, 2007 Han et al, , 2009 Xu et al, 2009; . For postlingually-deafened CI users, tone recognition was associated with psychophysical measures such as amplitude modulation detection, gap detection, and frequency discrimination (Wei et al, 2004 (Wei et al, , 2007 Luo et al, 2008) . Our results suggested that tone recognition performance in CI users was also associated with some demographic variables. Duration of deafness and experience with hearing aid use accounted for approximately 57% of the variance as revealed by the regression analysis. Overall, the CI participants who had used a hearing aid for more than one year scored signifi cantly better than those who had not. Further, participants with a shorter duration of deafness seemed to perform better. This result is consistent with the fi ndings by Rubinstein and colleagues, that duration of deafness is a key factor that predicts the post-implantation performance (Rubinstein et al, 1999; Gomaa et al, 2003) .
The confusion matrix of tone perception suggested that Mandarin tone 2 was recognized with the lowest accuracy by the CI listeners (Figure 3) . Most of the confusions for tones 2 and 4 were with tone 1. This may due to the lack of pitch variation represented by CIs that caused all tones to sound fl at in pitch. Tone 3, which has the most dramatic change in the pitch contour, did not elicit false alarm rates of tone 1 as often as the other tones. It should be noted, however, that the overall amplitude contour that correlates well with the F0s is likely to provide cues for tone recognition as well (Zhou & Xu, 2008b) . This point is elaborated more in the following section.
Mechanisms of musical and lexical tone perception
The primary cue for music perception and lexical tone perception is the F0 and the harmonics of the signal (e.g. Xu et al, 2002; Xu & Pfi ngst, 2003) . Current CI technology has not yet supported transmitting explicit F0 by a place code. Vocoder studies have shown that as many as 30 channels were necessary to achieve tone recognition accuracy close to the level of unprocessed signals, and even more channels were required for music perception (Kong et al, 2004 (Kong et al, , 2006 .
In electric hearing, multichannel CI users may perceive musical pitch in two fundamental ways. The primary mechanism relies on rapid temporal fl uctuation in electric stimulations. Although varying the stimulation rate of the pulse trains on a single electrode results in a change of the perceived pitch, modern CIs typically do not vary stimulation rate in the speech processing strategies (e.g. Moore & Carlyon, 2005) except for the recent fi ne structure coding strategy (FSP) launched by Med-El that changes the instantaneous stimulation rate in the apical electrodes (Arnoldner et al, 2007; Riss et al, 2008) . This strategy was not used by our participants and was not applicable to the present study. Typically, constant high-rate pulse trains are modulated by the temporal envelopes of the signals. Weak pitch percepts have been shown to be related to amplitude modulation frequencies up to 300 Hz. Musical pitch can be perceived via temporal patterns in amplitude modulation over a relatively low range (e.g. Mckay et al, 1994; McKay, 2004) . Place pitch is associated with the place where the electrical stimulation is delivered. When place and rate of stimulation were co-varied, evidence from McDermott and McKay (1997) supported the notion that changes in the place of stimulation dominated the perception of musical pitch. However, considerable variation has been found in the pitch-place relationship in CI users. For example, pitch reversals were reported along with irregular pitch differences being perceived along adjacent electrode pairs (e.g. Collins et al, 1997) .
Two melodies, one within voice pitch range, one above, were tested in the present study. Perception of the melody within the voice pitch range was likely dependent on a temporal mechanism by detecting modulations in the temporal envelope. However, because there is a limitation that most CI users can detect modulations only up to 300 Hz, perception of the high-frequency melody that was based around C5 (524 Hz) may have relied more on a place mechanism. Presumably, place pitch is poorly represented in current CIs due to limited frequency resolution. It was expected that performance of the high-frequency melody was lower than that of the low-frequency melody. However, this was not supported by the data. Kang et al (2009) tested pitch direction discrimination using synthesized piano notes in 42 CI users at three base frequencies (i.e. C4 at 262 Hz, E4 at 330 Hz, and G4 at 392 Hz) and also found no differences in performance among the three base frequencies. One possibility is that some of the participants in our study could have poor abilities in modulation detection impeding their ability to use temporal pitch patterns. Therefore, the performance on the low-frequency melody may be poorer than expected, resulting in no contrast in performance between the two melodies. Another possibility is that some participants did just as well with the high-frequency melody by using intermediate pitch perception. Research has shown that intermediate pitch perception is possible by simultaneous or near-simultaneous activation of adjacent electrodes (Donaldson & Kreft, 2005; Pretorius & Hanekom, 2008) . The interval size required for the two musical tones to cause discriminable excitation at different places can vary largely amongst individuals due to varying electrode-neurons distances and/or neural survival patterns. Nonetheless, for those who were able to discriminate relatively small interval sizes ( Ͻ 1 semitone) for the high-frequency melody, the pitch difference was not likely perceived through a place code.
Lexical tone information is likely to be supported primarily through a temporal code. First, a limited range of voice pitch may be conveyed by the periodicity in the temporal envelopes, typically below 250 -300 Hz. Another temporal cue for tone perception is the overall amplitude contour that correlates with the F0 contour, which has been shown to play an important role in lexical tone perception (Whalen & Xu, 1992; Luo & Fu, 2004; Zhou & Xu, 2008b) . For example, the amplitude contour of a falling tone (i.e. tone 4) decays over time. This is a unique phenomenon for speech signals in that features (i.e. F0 and amplitude contour) could correlate because they are the acoustic products of one articulatory gesture. Luo and Fu (2004) showed that, with acoustic simulation of a CI, MandarinChinese tone perception could be enhanced by manipulating the overall amplitude contours to resemble that of the F0s. We have also shown in our previous study that the overall amplitude contour cue weights considerably in conditions of basal spectral shift (Zhou & Xu, 2008b) .
The strong correlation between the pitch discrimination threshold and tone recognition performance appears to indicate that the perception of musical pitch and lexical tones share a somewhat similar mechanism. It was not clear exactly what supported good discrimination thresholds by some participants when perceiving the high-frequency melody. It was possible that within certain frequency range (i.e. below 300 Hz), perception of musical and lexical tone pitch both rely on the extraction of the periodicity in the temporal envelope modulation. Deutsch et al (2006) demonstrated that absolute pitch is more prevalent in tonal language speaking than in non-tonal language speaking musicians, suggesting a relationship between musical and voice pitch perception in acoustic hearing. examined tone identifi cation using tone stimuli that were onset-only, isolated, multi-speaker Mandarin tones. They reported, however, no correlation between the tone identifi cation performance and the absolute pitch ability in Mandarin-speaking musicians. It is not known in acoustic hearing, whether non-musician Mandarin-speaking listeners would show better musical pitch discrimination if they also do better in more diffi cult tone perception tasks. It is interesting that in electric hearing, such a relationship between musical and voice pitch perception was observed, where explicit pitch information is not provided. It still remains to be tested though, whether such a relationship holds true for pitch discrimination at other frequencies than the ones that were tested in the present study. The music stimuli used in the present study were synthesized musical tones, while the lexical tone stimuli were naturally spoken real world words. Although the synthesized musical stimuli were well controlled to eliminate confounding characteristics such as duration, loudness, and timbre, future research could trial natural piano or instrumental noises, or sung vowels.
Conclusions
In summary, the mean pitch discrimination interval for the Mandarin-Chinese speaking CI users in this study was approximately 6 semitones, although results ranged from 0.65 -19.60 semitones. The Mandarin-Chinese tone perception performance also varied greatly (12.5 -86.9 % correct, mean ϭ 58.3% correct), and was correlated with the participants ' duration of deafness and duration of hearingaid use. Most importantly, the present study provided new data that suggest a strong correlation between musical pitch perception and lexical tone perception for implantees using the conventional enveloped-based strategies. Our results support the hypothesis that musical and lexical tone perception share similar mechanisms in electrical hearing. Thus, strategies aimed at improving lexical tone perception could benefi t musical perception in CI users, and vice versa.
